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A paraelectric system with two electric dipole moments: KI:OH
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Paraelectric resonance in KI:OH at 1.5 and 4.2'K has been measured from 12 to 150 0Hz, using a
combination of fixed- and swept-frequency techniques. The data confirm the existence of a low-lying excited

multiplet of energy levels 140 6Hz above the ground-state multiplet and a simple two-multiplet tunneling

model is shown to be in good agreement with the main features of the experimental data. The dipole moment

of OH in the ground-state multiplet is 1.25 e 4, and 2.15 e A in the excited multiplet, while the dipole

orientation in each is $110).The nearest-neighbor tunneling parameters are dominant, having magnitudes

of 8.25 and 13.5 6Hz in the lower and upper multiplets, respectively, with a small admixture of
second-nearest-neighbor tunneling. The observation of a second multiplet has been interpreted as evidence for
a coupled dipole system in which the intrinsic dipole moment of OH and the off-center dipole moment can
combine in several ways. The swept-frequency experiments, in addition to providing an accurate
measurement of some zero-field splittings, show that the absorption line shape is symmetric in frequency at
low electric fields. This result implies that internal-electric-field broadening is not a dominant contribution to
the linewidths observed in this system.

I. INTRODUCTION

Potassium iodide doped with hydroxyl (KI:OH ) is
a paraelectric system whose behavior has been in-
vestigated by a variety of techniques, ~ 3 Among
these is paraelectric resonance (PER}, the use of
a microwave spectrometer to detect resonant ab-
sorption by dipoles undergoing transitions between
the various energy levels. PER is extremely use-
ful in investigating paraelectricity since three im-
portant parameters are potentially accessible to
direct measurement, namely, the dipole moment,
the dipole orientation, and the tunneling param-
eters.

The initial PER data3 taken on EI:OH between
12 and 75 GHz have some interesting features which
provided compelling motivation for the study which
is reported in this paper. The observation of lines
that move to lower electric fields as the frequency
is increased, plus the strong temperature depen-
dence of some resonances~' can apparently be
most easily explained by the presence of a second
multiplet of energy levels within 200 GHz of the
usual ground-state tunneling multiplet. This is an
entirely unexpected result which has not been ob-
served in any other paraelectric system. In addi-
tion, the KI:OH PER spectrum contains an unusu-
ally large number of lines, many of which are rel-
atively narrow, which should facilitate a more ac-
curate measurement of the system's parameters.
Theoretical work on a two-multiplet tunneling mod-
el~ indicated it would have PER data qualitatively
similar to those exhibited by KI:OH . Consequent-
ly we have carried out a more detailed experiment-

al examination of this system. A preliminary re-
port of some of this work has been published, and
in this present paper we present our complete data
for KI:OH covering 12-150 GHz. The data are
shown to be in quite good agreement with a tunnel-
ing model7 extended to include the interaction with
a low-lying excited multiplet. 5

%e also include some data taken with a swept-
frequency spectrometer near zero electric field.
These results suggest that internal electric fields
do not contribute significantly to the observed line-
widths and therefore other broadening mechanisms
must be considered;

The paper is organized as follows: Section II
contains a description of the experimental apparat-
us. The swept-frequency and swept electric field
data are then presented in Sec. III followed in Sec.
IV by a review of the various theoretical models.
In Sec. V the data analysis is outlined and a com-
parison between data and theoretical models is
made. A discussion of these results and the pos-
sible origins of additional multiplets of energy lev-
els are given in Sec. VI. Finally, the summary
and conclusions are given in Sec. VII.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Fixed-frequency apparatus

For frequencies below 75 GHz a simple reflec-
tion spectrometer was used, the details of which
have been published previously. Above 75 GHz a
transmission spectrometer was used as illustrated
in Fig. 1. For these frequencies, harmonic gen-
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PIG. 1. Spectrometer used above 75 Ghz. CRO:
cathode-ray oscilloscope.

FIG. 2. Transmission cavity assembly: (1) cavity
block: (2) quartz tube; (8) brass spring; (4) choke; (5)
sample; (6) electrode; (7) quartz spacer; (8) mode sup-
pressor; (9) waveguide flange; (10) input tuner; (11) cou-
pling rod; (12}output waveguide block; (13) output tuner;
(14) bolometer mounting block; (15) miniature coaxial
sockets; (16) bolometer tuner; (17) earthing screw; (18)
input waveguide block.

eration techniques mere used to double the klys;-.

tron's output frequency. The harmonic generator
we constructed is similar in design to those used
by Gordy et al. , and incorporates either point con-
tact or Schottky-barrier diodes. The former were
fabricated using tungsten cats whiskers and silicon
chips removed from commercial IN23, IN26, or
IN53 diodes, while the latter used honeycomb-type
wafer diodes from Hughes Corp. detectors. The
point-contact diodes produced more harmonic
power (-24 dB) when properly tuned but were less
mechanically stable than the Schottky-barrier di-
odes, and more difficult to use. The second har-
monic frequency was locked to the resonant fre-
quency of the cavity using a standard klystron sta-
bilizer.

The transmission cavity assembly is illustrated
in Fig. 2. The sample sits on the cavity floor with
an electrode, quartz spacer, and mode suppressor
(to insure only modes with E~~ E), on top of it,
held firmly' in position with a quartz tube and
brass spring. The high-voltage lead enters the
cavity via a choke w&ich is insulated with several
layers of thin (]2.5- p, m) Mylar tape. The cavity
was spark-etched into a brass block; the walls
were copper plated and then coated with a thin lay-
er of indium to improve the Q at low temperatures.
Power is coupled into the cavity through a circular
iris, the amount of coupling being adjustable using
a movable short. The transmitted power leaves
the cavity through a second iris and is incident on
an indium antimonide bolometric detector. Here
again a movable short is used to adjust the cou-
pling.

The bolometer is based upon a design of Phillips
and Jefferts and is mounted parallel with the
microwave electric fields in the center of a short
section of waveguide. Its resistance is matched
to the waveguide impedance by etching to a suitable
thickness, further matching being accomplished by
a tuning short. The noise equivalent power is 10 ~3

Lock-in detection techniques were used
throughout these experiments and resulted in a
derivative absorption signal.

B. Swept-frequency apparatus

The swept-frequency spectrometer is illustrated
in block form in Fig. 3. Microwave power is
transmitted through the sample, which sits in a
waveguide immersed in liquid helium, and detect-
ed by an indium antimonide bolometer at the end of
the waveguide. The dc voltage is used to provide
feedback to the sweep generator's leveling circuit
(response time 1.0 sec) which ensures a constant
power level detected by the bolometer. Lock-in
techniques are again used, a voltage modulation
being applied to the sample and the small absorp-
tion signal detected at the modulation frequency,

'

typically 1-5 kHz.
The waveguide used in the head has a double-

ridged cross section; its properties have been de-
tailed by Cohn. ~2 It is particularly suitable for
this application because for a suitable choice of
dimensions, the TE20 mode is the only TE mode,
other than the fundamental, which can propagate
between 7. 15 and 48. 5 6Hz, thus hindering the
propagation of spurious modes caused by wave-
guide discontinuities. Figure 4 shows a cross sec-
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2
H

{a)

( )
FIG. 4. (a) Cross section through the swept-frequency

waveguide: (1) brass spring; (2) mica sheet; (3) carbon
attenuator; (4) sample and tapers; (5) high-voltage lead.
(b) Side view of the sample (6) and tapers (7).

b

tion through this double-ridged waveguide at the
position occupied by the sample. Two potassium-
iodide tapers are used to match the impedance of
the sample to that of the waveguide. The sample,
tapers, and electrode are held in position by a
brass spring pushing a sheet of mica through a slot
along one waveguide wall. The carbon attenuator
is necessary to minimize coherent "noise" in the
experimental traces, caused by resonant oscilla-
tions within the sample nad/or waveguide system.

C. Sample preparation

Samples were prepared from single-crystal
boules grown at the Crystal Growth Laboratory of
the University of Utah, Salt Lake City, and doped
in the melt with the required concentration of KOH.
Some boules were grown with one end undoped, so
that the pure end could be checked for the absence
of unwanted signals. In all cases, the small sig-
nals observed in the pure end were several orders
of magnitude weaker than the signals from the doped
end. After checking that the signal intensity was
a linear function of concentration, the rest of the
samples were doped with a low OH concentration
of about 5 ppm.

The crystals were aligned with an x-ray diffrac-
tometer before cutting off slices with a string saw
and water. These slices were then oriented accu-
rately and lapped flat with a special jig, on a damp
linen cloth stretched across a pane of glass. Fin-
ished samples, which were generally oriented
along (100), (110), or (111)directions were aligned
to within & .

Great care is necessary to prevent damaging or
straining the delicate samples, whose PER' absorp-
tions are relatively easy to strain-broaden. Some
samples were annealed (in an attempt to narrow the
PER signals) by heating them to within 50 'C of
their melting point for various lengths of time in
an argon atmosphere, and then cooling them very
slowly back to room temperature. The signals
were not narrowed significantly by this procedure
and usually became much weaker.

III. EXPERIMENTAL DATA

A. Swept-frequency data

A zero-field splitting (ZFS), the resonant fre-
quency of a PER absorption with no applied elec-
tric field, is difficult to measure accurately with
a fixed-frequency spectrometer. Firstly, on a
plot of resonant electric field versus frequency,
most transitions have strong curvature in the re-
gion close to the ZFS, and the resonant frequency
is therefore not a linear function of electric field.
Consequently the line shape is very nonsymmetric
in swept-field experiments when the microwave
frequency is close to the ZFS. In addition, it has
been shown~3 that if internal electric fields contrib-
ute significantly to the PER linewidths then signal
distortion is to be expected at low applied electric
fields, which shifts the apparent position of the
resonance. There is also the difficulty (unless a
tunable cavity is used) of finding suitable cavity
modes close to the ZFS of the system under study.
The use of swept-frequency techniques eliminates
the latter problem and also some of the curvature-
related distortions; consequently, the accuracy of
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8. Fixed-frequency data

Most of the data were taken with the frequency
of the spectrometer held constant and the electric
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I'IG. 5. Experimental. swept-frequency traces (deriv-
ative line shapes) taken at 4.2 K for E II 000) between
26 and 40 GHz. On the lowest-field trace (0.7 kV/cm)
the data were inverted about the zero crossing and is
indicated by circles. This shows the high degree of sym-
metry in the line shape. Inset: The swept-frequency
data on a fieM vs frequency plot.

ZFS measurements is increased.
Three different resonance transitions were in-

vestigated with the swept-frequency spectrometer
and the data obtained are incorporated with the
fixed-frequency results presented later. Several
experimental swept-frequency traces are shown
in Fig. 5 for T =4.2 K, while the inset shows the
three resonance lines on a field-frequency plot.
Some of the "noise" on the experimental traces is
coherent (i.e. , part of the noise is quite repeatable
from one trace to the next at a fixed Z field. The
position of the coherent noise does move, however,
with electric field. ), caused by reflections in the
waveguide system, primarily in the sample, and is
the main limitation on the spectrometer's useful-
ness. The ZFS at 21 and 29 GHz are quite well de-
fined and are more accurately determined in these
measurements than in the swept-field experiments.

A very interesting feature of these data (Fig. 5)
is the symmetric line shape of the absorption at
low fields. To emphasize this symmetry, we have
inverted the line about the center crossing and
plotted the inverted line (with circles} on top of the
original line as shown in the first trace of Fig. 5.
From simple considerations we expected a nonsym-
metric line in this regime and the observed sym-
metry is therefore quite surprising. This will be
discussed in more detail in Sec. VA.
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PIG. 6 ~ Typical fixed-frequency experimental trace at
132 GHz for E ~~ (100). The resonances are indicated by
arrows.

field swept, usually from 0 to 100 kV/cm. Fig-
ure 6 shows a typical trace at v=132.65 GHz with
the positions of the constituent absorptions indica-
ted by the arrows. (The signal shape is derivative
due to the detection technique. ) The broad dip
close to F, =0 is caused by an absorption whose
ZFSis slightly larger than the frequency of the
measurement. Traces were taken at various fre-
quencies, and the positions of the resonances plot-
ted as a function of frequency. Figures 7-9 show
the conglomerate results of runs, with samples
from four different crystal boules, for the three
main crystal orientations (100), (110), and (111).

Solid lines are included here to indicate data
which are believed to be associated with transi-
tions between the same pairs of energy levels,
and the resonance "lines" are numbered for ease
of reference. Since in some cases, we cannot re-
solve a line over the entire frequency range this
numbering is not unique. For example, lines 16
and 18 of Fig. 8 may be. the same line but cannot
be resolved between 40 and 85 GHz.

These data have a number of interesting features
which we first list below, before discussing them
in detail. (i) The number of resonances is large;
many are well resolved, but not all. (ii) The in-
tensity of many lines is strongly temperature de-
pendent. (iii} Most lines in Figs. 7-9 have positive
slopes ("normal lines" ) but some lines have nega-
tive slopes ("backward lines'* —i.e. , some lines
move to loue~ frequencies as the electric field is
raised). Such lines turn around at some E field
and become normal lines. (iv') Some lines become
almost independent of F, at some high frequency v&

(vf & 100 GHz). Such lines broaden rapidly as v, is
approached. (v) The zero-field splittings occur
in two distinct groups, one below 50 GHz and the
other above 90 GHz. The zero-field splittings of
the main lines in these groups are as follows:
Lower group: 12.0+1, 21.0+1, 29.0+0.5, 34.0
+1.5 (weaker), 40.0+1 GHz. Upper group: 97
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+2.0, 102+3, 115+3, 125+4, 155+5 (weaker).
In addition, several splittings exist below 10 GHz
(below the range of our spectrometer} while other
lines are poorly defined (usually weak) and the
zero-field splittings cannot be determined.

The large number of lines of various types with
ZFS rangingfrom below 10 GHz to over 150 6Hz
is an unusual feature of the KI:OH spectrum and
should permit a strong test of the theory. How-
ever, with so many lines present the problem of
resolving the various resonances becomes import-
ant and one might well ask if all allowed lines have
been observed and whether or not there are im-

portant systematic shifts of the apparent resonance
position from the actual position. In our decom-
position of the lines, we have assumed that the
resonances are nearly symmetric (except near a
ZFS) and the stronger ones were removed to im-
prove the determination of the weaker lines. To
check this procedure we simulated our spectra
using the two multiplet (110) model (see Sec. IV B)
to determine the field position and intensity of the
allowed transitions. Assuming a Gaussian broad-
ening for each line with a linewidth comparable to
our better data, a derivative spectrum was obtained
such as is shmvn in Fig. 10. A comparison of the
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apparent line positions (solid line) with the actual
positions (dotted lines} indicates the followirig:

(a) The shifts of the main lines are generally
small (&3%) but in regions where several lines
cross, such as the region near 40 6Hz in Figs. 7
and 8, the apparent shifts can be much larger (5-
10%).

(b) Some medium strength lines may not be seen
when they are close to a strong line (e.g. , line 1
in Fig. 10}and two (or more) lines may appear as
one line at some intermediate position.

(c) For data with broad lines, not as many lines
will be resolved as expected and the shifts may be
larger.

(d) The relative intensities of different lines are
difficult to estimate from the composite lineshape.
For example, line 2 appears as the small line A
in the total spectrum.

Thus the data should provide a reasonably accu-
rate picture of the main features of the system,
but an "exact" fit within the relative errors is
clearly not expected. Although the dipole moments
obtained from the slopes in Figs. 7-9 should be
quite accurate, the experimental line may be shift-
ed from the actual positions or be the weighted
average of several lines. These considerations
will be included in the .later analyses.

Many lines have a strong temperature dependence
as indicated in the following examples. Line 15 in
Fig. 7 is seen only at l. 5 K (as indicated by solid
circles) while line 17 is observed at both 4. 2 and
1.5 K but is stronger at 4.2 K. Line 4 is also
strongly temperature dependent; at 4.2 K it is one
of the strongest lines but at 1.5 K it is very weak.
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IV. MODELS

A. Hindered-rotator model

There are two approaches which readily lend
themselves to a theoretical description of the prop-
erties of paraelectricity. '4 The first is to consider
a dipolar impurity as a free rotator whose energy
levels are modified in the presence of a rigid
crystal potential. The Hamiltonian for a free ro-
tator of moment of inertia J is given by

K~=BJ, (4.1)

where B, the rotational constant, is inversely
proportional to I, and J is the angular-momentum
operator. To this is added a cubic crystal poten-
tial —usually the first few terms of an expansion in
terms of "kubic" harmonics. This model, called
the "hindered-rotator model" was first considered
in detail by Pauling" and later extended by Devon-
shire" and Beyeler. " It can be used to describe
both diatomic on-center systems and off-center
systems when the appropriate moment of inertia
is used to obtain B.

Such a model has been used previously to inter-
pret the zero field splittings of one of the first

In addition, several lines are better resolved at
1.5 K, e.g. , lines 2, 3, and 15 (Fig. I) between
50 and 60 6Hz. It is not clear whether this is the
result of an actual narrowing of these lines or the
disappearance of others.

Perhaps the most striking features of the data
are the presence of the backward lines over a very
wide range in frequency and the occurence of lines
at high frequencies which become essentially field
independent. Both are unexpected results for the
simple tunneling model and support the extension
of the model to include a second multiplet.

Finally, some comments on the scatter in the
data (Figs. I-9}are warranted. First, it should
be noted that these figures are the composite data
of many samples from four different crystal boules.
Since some samples had somewhat broader lines
(309o broader) the positions were not as well deter-
mined and much of the scatter arises from this
problem. A related problem occurs at high fre-
quencies where some lines became very steep on
the field-frequency plots and consequently have a
broad linewidth in swept-field measurements. In
some cases (100-120 6Hz for E(((110)) the pres-
ence of such lines makes the analysis virtually
impossible.

In addition, some scatter arises from small er-
rors in the magnitude of the electric field, primar-
ily from inaccuracies in the measurement of the
sample thickness. These errors should be less
than 3% for all samples and less than 2% for most
samples.

studied OH systems —KCl:OH . For that case'
the electric dipole moment orients along the six
(100) crystal directions and only the lowest order
(nontrivial) kubic harmonic (V4) is required to
provide a potential with (100) oriented minima.
Denoting the strength of the potential by K (mea-
sured in units of the rotation constant B), the
motion is weakly hindered for K&10 and strongly
hindered for K& 25." For the strongly hindered
case, which corresponds to the situation for most
if not all paraelectrics, the lowest six energy lev-
els form a nearly degenerate multiplet that is
widely split from the upper levels by an energy
many times B. Within this multiplet the energy
levels splittings are tiny compared to B.

Most of the known alkali halide: OH systems
are found to be (100) oriented centers'4 and the
simple model with only a V4 term in the potential
expansion provides a reasonable description of
the lowest energy levels. However, KI:OH is
one of the few exceptions for which the minima
are not located along (100). Instead, in KI:OH
they are found to lie along the (110) orientations'
and the lowest multiplet consists of 12 states.
Such a system cannot be explained using only a
V, potential. Beyeler has shown that a (110) sys-
tem can be obtained if the next Kubic harmonic,
V, is included; however, if V6 is large, it is not
obvious that V, and higher-order terms can safely
be neglected.

To expand this point further we note that from
group-theoretical considerations the twelve (110)
dipole states will form five distinct energy levels;
three triplets with symmetries T&„, 1'2„, and 1'2„
a doublet E~, and a singlet A «. Although from
simple arguments, we expect the totally symmetric
4, ~~ state to '~e lowest in energy, the ordering of
the remaining four levels must depend on the form
of the interaction. Thus, with only two available
parameters in a V4+ V6 potential, not all orderings
of these energy levels can be achieved and higher-
order terms are likely necessary. This makes the
numerical calculation very lengthy and if electric
field effects are also included, such calculations
would be extremely time-consuming. The tunnel-
ing model discussed in Sec. IVB provides a
phenomenological description of a paraelectric sys-
tem which greatly reduces the necessary computa-
tions.

Before going on to the tunneling model, it should
be pointed out that within the hindered-rotator mod-
el, additional multiplets of energy levels do occur
naturally and one might therefore suspect that the
hindered-rotator model is the best approach in
spite of the additional complications. However,
based upon Beyeler's work'~ it appears unlikely
that this model can explain the upper energy levels
observed in KI:OH . This is discussed in Sec. VB.
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B. Two-multiplet tunneling model

+=c++d ++rf y (4.2)

where X&, is the contribution from the applied stat-
ic electric field, X„is the contribution from the

(l

QFg

(IIO& DIPOLE ORIENTATIONS
FIG. 11. Directed-state labeling for the 410)-dipole

model. The dipole in each case is assumed to be at the
center of the cube pointing towards the appropriately
labeled cube edge.

The other approach is to initially consider the
impurity as occupying one of n equivalent potential
minima of an infinitely strong crystal potential.
If this potential is relaxed, and quantum-mechani-
cal tunneling included, the original n-fold degener-
acy is lifted, and the energy levels are split by the
tunneling matrix elements. This tunneling model
has been developed by several investigatorsv'
and is an extension of the early theoretical work
on the tunneling inversion of the ammonia mole-
cule. The two-multiplet tunneling model to be de-
scribed in this section is based upon these simpler
tunneling models, consequently, a brief introduc-
tion to them is included.

In an alkali-halide crystal the number of potential
minima for some given dipole system is not known
a p~ori. The three simplest possibilities consis-
tent with cubic symmetry are (i) six equivalent
minima in (100) directions, (ii) eight equivalent
minima in (111)directions, and (iii) twelve equiv-
alent minima along (110) directions. When no in-
teraction is allowed between dipoles in different
potential wells, the system is either 6, 8, or 12-
fold degenerate, but allowing a dipole to tunnel be-
tween wells partly lifts this degeneracy, and the
application of an electric field will further split
the levels. For a quantitative treatment of the
problem, the directed-basis states illustrated in
Fig. 11 are used, where we consider the case with
12 equivalent (110)-oriented minima. For example,
basis state I 1) represents a dipole sitting at the
center of the cube and pointing towards the cube
edge labeled 1.

The system Hamiltonian $C is written

0
FREQUENCY

FIG. 12. Exact solution for a (110)-dipole model, with
an applied electric field in the (110) direction and with
tunneling parameters q =1 and p, = v=0 =0. The applied
field of the allowed transitions is plotted as a function of
the resonant frequency.

ii(60') =(101X,I 6) =(51X,I 2), etc. ,

p(90') =(101X,I 12) =(51X,I 8), etc. ,

v(120') =(10I X, I 3) =(5l X, I 1),
e(180 )=(10IX,I 9)=(5IX,I6) .

(4.8)

For example, g represents a 60 rotational tunnel-
ing from state 110) to state I6). The resulting
symmetric matrix has been tabulated by Gomez
e~ a/. ; we give it in Appendix A for reference.

For the electric dipole Hamiltonian K~, the ma-
trix is diagonal in the directed-state representa-
tion; the entries have also been tabulated in Ap-
pendix A for an applied field Z =(Z„,Z„,Z,).

-Experimentally, E~, was arranged to be parallel
with Z, , so that the elements of X„,(P) are similar
in form to those of Xc;(p). The complete Hamil-
tonian is generany impossible to handle analytical-
ly and is usually solved numerically to obtain the
splittings of the various energy levels as a function
of the electric field. For example, Fig. 12 gives
a typical computer-generated set of results of the
electric-field-frequency dependence, for various
transitions, when nearest-neighbor tunneling is
dominant and Z is parallel to (110).

It is possible to obtain useful information for
comparison with the data without solving the prob-
lem exactly. Since at high electric fields the en-
ergy is primarily due to the interaction with the
field, the energy associated with the various mini-
ma is clear from inspection, and there will only
be a small set of well-defined high-field sloPes
(see Fig. 12) allowed for each model with a partic-
ular choice of applied field orientation. Thus, for

microwave field, and R, is the crystal-field Hamil-
tonian. In the directed-state representation, K,
may be written in terms of the "tunneling param-
eters" g, p,, v, and 0' defined, using the notation
of Gomez et al. ,

' as follows:
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a (110) syste~, although many transitions are al-
'lowed at most four different slopes are possible
and in Fig. 12 only three slopes are observed be-
cause of the choice of nearest-neighbor tunneling.
The expected slopes for the different tunneling
models are summarized in Appendix B for electric
fields in the (100), (110), and (111) directions.

Next we consider the extension to the two-multi-
plet tunneling model. Here, in addition to the usu-
al ground-state multiplet of energy levels, we as-
sume that an excited multiplet exists near enough
in eriergy such that the intermultiplet splitting is
comparable to the splittings within a multiplet.
These excited states are also assumed to be either
(100), (110), or (111)oriented, so in principle
there are nine possible multiplet combinations for
cubic systems. The simplest of these, the (100)-
(100) model, was investigated earlier. 5 For the
present study of KI:OH, the ground state is (110)
and three combinations must therefore be consid-
ered. Although the simplest combinations of mul-
tiplets are situations in which the upper and lower
multiplets have the same orientations, the potential
is not well enough understood to rule out other pos-
sibilities g priori. For the KI:OH system, the two
multiplets will be shown to be (110) oriented and
this (110)-(110)model will be treated in detail here.
The (110)-(100)and (110)-(111)two-multiplet mod-
els are introduced sufficiently to enable their re-
jection as candidates for KI:OH .

.Figure 13 illustrates the basis states for the
three models, where unprimed labels refer to
ground states and primed labels to excited states.
Each model now has many possible types of tunnel-
ing parameters. The grourid state of each model
considered has the four (110}parameters, rl(60 ),
p.(90'), v(120'), and o(180'), together with the ex-
cited-state tunneling parameters denoted by primes
and the intermultiplet parameters denoted by double
primes. For the (110)-(110)model the new param-
eters are similar in type to the ground-state pa-
rameters: q'(60'), p~(90'}, v'(120'}, and v'(180')
for the excited states and q (60'), p, (90'), v

(120'), and o'~(180'} between the two multiplets.
For the other two models there are differences.
The appropriate parameters for the (110)-(100)
model are rl'(90'}, p'(180'}, and q"(45'}, p, "(90'),
and v (135'), while the (110)-(111)model has
i)'(70. 5'}, p'(109. 5'}, v'(180'}, and q (35.3 ),
p (90'), v"(144.7'). The qualitative behavior
which one expects from a two-multiplet model is
illustrated in Fig. 14. Some resonance lines (on
the field versus frequency diagram) will be "norm-
al, " with a small ZFS and strong intensity at 1.4 K.
These correspond to type-4 transitions on Fig. 14.
Transitions like B have similar ZZS but will have
a weaker relative intensity at 1.4 K than at 4.2 K.
Transitions of type C give rise to backward-type

(IIO&

EXC. MULT.

(h) 2Q

IO

Ahl

12
(IOO)

EXC. MULT.

10

(c) (I I I&

EXC. MULT.

. FIG. 13. Directed-basis states for the two-multiplet
troweling models with the ground state consisting of
(l.10)-oriented dipoles.

ELECTRIC FIELD
FIG. 14. Some types of resonances expected within a

two-multiplet tasseling model. A, normal ground-state
resonance; B, normal excited-state resonance; C, back-
ward resonance; D, normal line with high zero-field
splitting.
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lines which start with a negative slope on a field
versus frequency diagram, and then turn around
and have a positive slope above Z&, giving charac-
teristics similar to the backward" lines of the
data. There will also be a group of normal looking
resonances which have large ZFS, such as D. It
is possible at this stage, by inspection of Fig. 14
and similar figures for other field orientations, to
tabulate the high-field behavior expected of the
resonant transitions for' each model. This is done
in Appendix C for the (110)$110) model.

For an exact numerical solution of the (110)$110)
model one proceeds as follows. Assume a ground-
state multiplet centered about zero energy, an ex-
cited multiplet centered about an energy g, with
dipole moments p and P' in the lower and upper
multiplets, respectively. Then the Hamiltonian
X is given by

Nd(E)

0

0 E, ~

X=K" +X~++X+(,

1i t2x x &

(4.4}

(4.5)

X~~ and X22 describe the behavior of states within
the lower and upper multiplets, respectively, while
Xq2 and X2q contain the intermultiplet matrix ele-
ments. Then clearly

Qg =X~(g, p, , P, 0'), (4.5)

(4.7}

V. ANALYSIS

A. Swept-frequency line shape

The most surprising result from the swept-fre-
quency experiments is the symmetric shape of the
absorption line near E =0. This was unexpected,

2=XAAM ~P ~" ~&)+&I
and

X(2 =X2( =X~('g, p ( v ~o ), (4.5)
where X, is given in Appendix A, and I is the iden-
tity matrix. Terms of the form (i'IX, I e), i.e. ,
connecting the ground and excited multiplets in the
same well, are not included since in general they
are expected to be of smaller magnitude. When
included in a.(100)-(100) model and set equal to
the largest of the other parameters, very little dif-
ference occurred in the predicted spectrum.

The dipole Hamiltonian (for the dc applied field)
X~~ is again diagonal,

&X,.y) 0""
~~ 0 zc u &)

(4.9)

where the diagonal elements of X~ are also tabu
lated in Appendix A. X„is of a similar form,
with Ed, -replaced by 8„.

The complete Hamiltonian was diagonalized on a
PDP11 computer and the allowed transitions calcu-
lated for various values of applied field, together
with the Boltzmann-corrected transition intensities.

FIG. 15. Theoretical swept-frequency line shapes as-
suming inhomogeneous electric-field broadening. (a)
The number of dipoles ND (E) in an internal field &, as a
function of E. (b) A pair of energy levels as a function of
electric field, with an allowed transition {A) between
them. (c) The line shape expected of transition A with
no applied electric field,

and as the following remarks show, is an import-
ant result.

Since paraelectric defects interact strongly with
both electric and stress fields, and since real lat-
tices are known to contain random internal strains
and electric fields, one might expect either or both
of these to contribute significantly to the PER line-
width at 8 =0.

However, if internal electric fields are the pri-
mary-broadening mechanism, then it is easy to
show that a nonsymmetric line shape would result
close to the ZFS. For this discussion we consider
a line whose frequency increases monotonically
with electric field, consistent with the behavior of
the line in F.ig. 5. Such a transition will behave
similarly to a simple two-level system. We rep-
resent the internal electric field distribution by a
Gaussian function and hence the dipole distribution
as a function of field will be qualitatively as in Fig.
15(a}. Wheri there is no applied stress, the energy
levels of a PER system are symmetric under in-
version of E as in Fig. 15(b), therefore the shape
of the absorption as a function of frequency will be
as in Fig. 15(c), when no external field is present.
Then N~(0) dipoles sit at 8 =0 and resonate at vo,
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while N, (+E&) and N~(-E &) dipoles have local fields
of M&, and resonate at the same frequency vg»0,
etc. Near vo the line shape depends upon other
broadening mechanisms, and must be quite steep
as in Fig. 15(c) if internal electric fields are as-
sumed to be the dominant mechanism. Thus,
broadening via electric-field results in a very non-
symmetric line-shape profile. The symmetry dis-
played by the experimental traces is therefore seen
to rule out electric-field broadening for electric
fields near Z =0 and other mechanisms must be
considered.

Several other interactions have been previously
investigated as possible broadening mechanisms;
a dipole-dipole coupling (via either the stress or
electric dipole) and broadening via internal stress
in the crystal. At the low concentrations used
here, the dipole-dipole coupling should be negligi-
ble and we consider briefly the line shape which
would result from random internal stress. Here
the question of line-shape symmetry is not so
easily answered because the energy levels need not
be a symmetric function of the stress P, and the
energy splitting for an allowed PER transition can
be larger or smaller than the ZFS depending on
whether the stress is a tension or a compression.
Dischler20 has considered the stress broadening of
PER lines, particularly for the KCl;Li' system,
but investigated primarily the case of fixed-frequen
cy, swept-electric-field measurements. He does,
however, give the transition matrix element as a
function of frequency at 8 =0. For this case the
line at the ZFS is nonsymmetrically broadened and
may be shifted in frequency. This suggests that
nonsymmetric swept-frequency line shapes near
Z =0 should also be expected with stress broaden-
ing.

In our measurements, the situation is further
complicated through the use of an electric field
modulation for our signal detection scheme. Thus,
for a fixed, small electric field modulation, the
shift of the energy-level splitting is not the same
at all values of the stress, and consequently addi-
tional asymmetries in the line shape should occur.
%e have investigated briefly the swept-frequency
derivative line shape for a simple four fold dipole
system (oriented along the m and +y axes) with
Z-field modulation. These calculations indicated
that if internal stress (assuming a symmetric dis-
tribution peaked at zero) is the main broadening
mechanism, then strongly nonsymmetric derivative
line shapes should occur, with an4/8 ratio &2

(4 is the height of the positive lobe and 8 the height
of the negative lobe of the derivative signal) when
the Q of the line (Q = v/b, v) is less than 10. Al-
though this does not prove that strain broadening
always gives nonsymmetric swept-frequency lines
at zero field, it clearly supports such an assertion.

2g4v~= 1, (5. 1)

gives a value w = 5 X10+' sec for a linewidth of 3.2
GHz. This is considerably faster than the estimate
of the dipole-lattice relaxation time w-10 ~ sec
obtained by Kapplan and Luty at 1.35 K. Thus it
seems unlikely that this can explain our results.

A second possibility is that the tunneling param-
eter varies slightly throughout the crystal. Such
a variation might arise through the "dressing" of
the tunneling element' ' '

6= bog (5.2)
Here 60 is the bare-tunneling element and 8' de-
pends on the stress-coupling constants of the di-
pole system and the mass of the neighboring atoms.
Since N' is an exponent, and in many cases 5'»1,
then only' a small change in S" is needed to produce
an appreciable change in 4, and a symmetrical
variation of S' would lead to a nearly symmetric
swept-frequency derivative line shape. This will
be discussed in a separate paper.

In view of these limited results, further study
of the swept-frequency line shape for this and other
systems appears promising. In particular it
would be interesting to check whether or not the
line shape of KCl: Li' is symmetric near zero field
since other investigators have interpreted the line-
width in terms of internal stains and/or electric
fields 20&23-25

B. Difficulties with the hindered-rotator model

Before presenting our analysis in terms of the
two-multiplet model it is appropriate to first indi-
cate why we believe the simple hindered-rotator
model, as extended by Beyeler, ~ does not explain
our data. Consider Fig. 16 which illustrates, .for
8 =0, the energy levels of a hindered rotator as
a function of crystal potential K. For an on-center
OH ion with a rotational constant 9=18 cm =540
GHz, the model clearly does not give the position
of the observed second multiplet. For the value
of K at which the lowest multiplet is only 50 GHz
wide, the next-lowest multiplet occurs at a very
high energy.

The larger dipole moment observed in KI:OH
compared with other QH systems indicates that
OH is off center and this effect should also be in-
cluded in the effective moment of inertia. %e can
proceed in hvo ways. First we can assume that
the lattice remains essentially unchanged and esti-

Therefore other possible broadening mechanisms,
which might account for the observed symmetric
line shape, need to be considered.

One type of broadening which also leads to a sym-
metric line shape is lifetime broadening, arising
from the interaction with thermal phonons. De-
fining a relaxation time by the expression
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--40 it from further consideration.
It should be pointed out that this model omits the

motion of the nearest-neighbor atoms as the dipole
rotates. Including such motions would increase
the moment of inertia and hence might give a small
value of B without a large off-center position.
Further extensions of the model are necessary to
check this possibility.

C. Two-multiplet model

---40
FIG. 16. Some of the results of Beyeler's extended

Devonshire model. E determines the strength of the
crystal potential and 4 js the parameter determining the
dipole orientation (it actually controls the relative ad-
mixture of spherical harmonics of order 4 and 6 in the
crystal potential). Energy is in units of the rotation con-
stant B;-

mate from the known ionic radii, the largest off-
center position possible along a (110) orientation.
(This is likely an overestimate. ) Assuming the
OH ion is comparable in size to F we obtain a
maximum off-center position of approximately
0.75 A. This is turn leads to a much lower value
of 8 of order 50 GHz. Even when the energy levels
in Fig. 16 are rescaled for such a value of 9, the
lowest excited multiplet is still over 300 GHz above
the ground-state multiplet. (The experimental
splitting is approximately 140 GHz. }

A second approach is to try to estimate a value
of 8 that would correspond to an intermultiplet
splitting e„ that is three times larger than the
splitting within the lowest multiplet &2. However,
for the combination of potentials considered by
Beyeler, none show two well-defined, 12-fold mul-
tiplets for small K. This might well arise from
::the particular choices of the V4 and Ve contributions to
the potential used in that work and does not rule out
the possibility of two such multiplets. We obtained
an estimate of 8 for the case of a (110) lower mul-
tiplet by considering the value of K at which the
next-highest energy level is 2&2 above the lowest
multiplet. This gives B= 15 GHz and corresponds
to an off-center position that is more than 50%
larger than our estimate from the ionic radii.
Such a large off-center position would lead to a
very strongly hindered or frozen dipole position.
Experimentally, however, the zero-field tunneling
splittings are large and the reorientation times
are short. These conflicting results indicate the
problems that arise if one attempts to use the mod-
el of a hindered rotator in 'arigid cubic lattice to
analyze our results and we have therefore excluded

Several features of the data —the backward lines,
two groups of zero-field splittings, and a strong
temperature dependence of the intensity for some
lines —clearly indicate the presence of additional
energy levels above the ground-state multiplet.
However, without a solid theory for the origin of
these additional states, one does not know g Pri-
ori if these states form one or more additional
multiplets. In this section we analyze the data un-
der the assumption that only one additional multi-
plet exists to obtain a phenomenological understand-
ing of the KI:OH system. The possibility of sev-
eral multiplets will be discussed in more detail in
Sec. VI.

We start with the determination of the dipole or-
ientations and dipole moments in each multiplet.
Using the temperature dependence of the major
lines and the size of their zero-field splittings we
isolated the transitions that occur within the
ground-state multiplet and obtained the slopes of
each line in the high-field linear region. Then the
dipole orientation was obtained by comparing the
experimental slopes with those predicted by the
three dipole models (Appendix B). A glance at
Appendix B shows that a (111)-dipole model would
only allow one type of slope for E()(100), while a
(100)-dipole model would allow only one type of
slope for E[[(111). Both of these requirements
are incompatible with the data of Fig. 7-9 leaving
only the (110) model consistent with our results
for the lower multiplet. Once the orientation is
known, it is trivial to deduce the dipole moment
from the measured slopes. However, to obtain an
accurate value for P, one must take into consider-
ation that the data is not really in the high-field
limit. This leads to corrections of order 7/g. The
result for the (110) ground-state multiplet was ob-
tained earlier:

P = 1.25 + 0.07 e A . (5.3)
One might suspect that the lower-multiplet tunnel-
ing parameters could also be obtained by this "mul-
tiplet isolation" but, because of the strong influence
of the excited multiplet on the splittings in the low-
er multiplet, such a procedure could lead to large
errors in the determination of these parameters.

For the upper multiplet, the isolation of the lines
is more difficult because these transitions are
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much weaker, as a result of thermal depopulation
of the upper states, and their intensities are diffi-
cult to estimate accurately. Fortunately line 4 in
the E Ij(100) data in Fig. 7 is a well-defined line
with a very strong temperature dependence and
hence belongs to the upper multiplet. Further its
slope is not compatible with the dipole moment ob-
tained for the lower multiplet. Using this well-
defined line and Appendix B, one can draw up a
complete list of the possible approximate values
of the upper multiple dipole moment P' for the
various dipole models. These are

(100) model, P'=0. 72 eA or 1.44eA;

(111)model, P'=1. 25 eA only; (5.4)

(110) model, P' = 1.02 e A or 2.04 e A .
To differentiate between these possible models
and dipole moments, we then considered the back-
ward lines which are transitions between the two
multiplets. The slopes of these lines are deter-
mined byP and P' as given in Appendix C for the
(110)-(110)model. In particular we note that the
smallest slope, produced by the largest combina-
tion of P and P', provides a means of separating
the above possibilities. If the smallest experimen-
tal slope is smaller than the predictions for a par-
ticular model, then that model can be excluded.
(Note that the relatively large zero-field splittings
will tend to make the experimental slopes some-
what la~ger than that obtained by considering P and
P' alone. ) A comparison of the lowest experiment-
al slope with the predictions for the 5 possibilities
above is given in Table I for each direction of elec-

.tric field. The lowest slope backward line for
E(((100) data excludes a (111) model, a (100) model
with p' = 0.7 e A s.nd a (110) model with P' = 1 e A.
Similarly the lowest slope backward line for Ei(
(ill) excludes both of the (100) models (with P'
=0. 72 and 1.44 e A} and a (110) model with P' - I
e A. This leaves only a(210) model with p'-2. 0
e A as a possible choice consistent with the back-
ward lines.

A consistency check on the orientation and di-
pole moment of the upper multiplet is obtained
from the electric field Z & at which the backward
lines turn around; e.g. , line 16 in Fig. 9. turns
around atZr =21 kV/cm. Z r is determined pri-
marily by the dipole moments P and P' and the in-
termultiplet splitting q, with minor shifts arising
in some cases from the tunneling. parameters.

For example, by examining the high-field slopes
for the various absorption lines in a (110)-(110)
model (Appendix C) and ignoring small shifts due
to tunneling parameters, we find that the lozvest
Z r will occur when transition 8 (Appendix C, Ell
(111))goes through its minimum splitting. This
occurs at the "crossing" of the energy levels &,
and e, given by

e, =2PZ/v 6 (5.5)

(5.6}e& =e —2P'Z /v 6

For these levels Z ~ is given by

Zr =~«/2(P+0') . (5.7)
Similar results are obtained for other turning

fields. Thus knowing the possible values of p and
p' for a given model one can calculate q from one
of the experimental values of E & and then predict,
on the basis of the model, the other values of E~
that might be observed. This procedure was car-
ried out for each of the models and possible di-
pole moments considered above and the best con-
sistency is obtained using a (110)-(110)model
with p'-2 A and e =140 QHz.

The final parameters to be determined are the
tunneling parameters. Here there is no clear-cut
way of separately determining each of the 12 pa-
rameters. We first used all of the known zero-
field splittings to find those groups of tunneling
parameters that would fit. This was accomplished
using a computer search program to check all
combinations of normalized tunneling parameters
in steps of 0.1 from 0 to 1.0. Once these groups
of parameters were known, numerous computer
spectra were generated for the (110)-(110)model
starting with P' =2.04 e A and a —= 140 GHz. About
50 different combinations of parameters were con-
sidered for at least one orientation of electric
field, with the most promising results of these
calculations then checked for the other field or-
ientations. The values of p' and E were also var-
ied slightly around their starting values. The
best overall fit was obtained with the following
.parameters,

P=1.25y0. 06 e A, p'=2. 15+0.10 e A,
i'- =140 6Hz+10 GHz,

q, p, =8.25 GHz +10%, 1.0 6Hz +50/0,
q', p, '=13.5 GHz+10%, 2.4 GHz +50%, (5 8)

q" =5 GHz,
pop / g/ ft // p// 0 // ~0

TABLE I. Comparison of smallest experimental backward slope with the model predictions.

Field
orientation

Smalles t experimental
backward slope

(110)—(110) model
p'= 1.02 p'= 2.04

(110)—(100) model
p'= 0.72 p'= 1.45

(110)—(111) model
p'= 1.25

(100)
(111)
(110)

0.213
0.190-0.200
0.230-0.260

0.257
0.223
0.182

0.177
0.153
0.125

0.257
0.288
0.235

0.177
0.222
0.182

6.257
0.182
0.182
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with E II 400) and the tunneling parameters given in Eg.
t5.8). The E states are denoted by solid lines, the A.~
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and the B2 levels by dotted lines. Note the repulsion of
states of the same symmetry when they approach each
other.

I

The resulting energy-level diagrams for various
orientations of electric field have many energy
levels with numerous crossings over the range of
fields 0-80 kV/cm. To provide some insight into
the details of the energy-level structure we have
given the complete energy-level diagram for
R (I (100) in Fig. 17 using the above parameters.
To separate the various symmetries, we show
all 8 levels as solid lines, all A, levels as dashed
lines, all B, levels as dot-dash lines, and all J3,
levels as dotted lines. The allowed PER transi-
tions for E„II Ed, are between states of the same
symmetry.

At zero electric field, with g dominant, as above,
the energy levels are ordered T,„, F,, T„, T,„,
and A.„in each multiplet. With increasing electric
field the levels in each multiplet split as expected
for a (110) system, but at relatively low fields of
20-30 kV/cm, energy levels from the two multi-
plets begin to cross. The important "crossings"
to note are those of states wi. th the same symmetry.
In general, there is some interaction between such
states and a repulsion of energy levels occurs. A

good example is observed at 33 kV/cm for the 2A,
and 3A,, states. The minimum separation of these
levels gives rise to a turn around point at a fre-
quency of 16 0Hz. In some cases the coupling be-
tween such states is so small that the splitting of
the levels is not visible on the scale of this fig-
ure. Two examples occur in the 20-30 kV/cm
range; for the 3Z and 4F. states and for the 2B,
and 38, states.

A comparison of the computer predictions with
the data, using the above parameters, is given in
Figs. 18-20. Because of the large number of
lines in the spectrum these figures are unfortun-
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that these lines arise from some other impurity.
However, since they were observed with the same
relative intensities in samples from four different
boules, it is highly unlikely that they are not part
of the OH spectrum. One might also consider the
possibility that they are strain-allowed lines, since
it has been shown that internal strain can make for-
bidden transitions acquire appreciable intensity.
A check of the forbidden transitions for the (110)-
(110) model does indeed show lines with the dis-
tinctive electric field dependence of lines 9 and 10
although shifted somewhat in frequency. Whether
or not some distribuiton of internal strains could
also explain the high intensities of these lines
would require considerable work and has not been
determined. To make forbidden transitions be-
come comparable in intensity to the dominant lines
of the spectra via internal strains does not seem
likely.

VI. DISCUSSION AND POSSIBLE ORIGIN OF
UPPER STATES

The above analysis shows that most of the data
can be understood in terms of two (110)-dipole
multiplets with dipole moments P = 1.25 A and P'
=2. 15 A in the lower and upper multiplet, respec-
tively. The existence of an additional multiplet is
clearly established by the high-frequency splittings
and the backward lines and occurs approximately
140 GHz above the lower multiplet. The slopes of
the lines for the three orientations of electric field
are internally very consistent for (110)-directed
dipoles with the above values of P and P'. However,
the two lines in the (100) data which do not appear
to fit into this scheme very well suggest that this
is not the complete story and extensions or changes
are likely necessary to understand the KI:OH sys-
tem fully. These lines, which occur a little too
high in frequency for the lower multiplet and are
too low in frequency to be intramultiplet transi-
tions, may in fact be evidence for additional ener-
gy levels or another multiplet only 60-70 GHz
above the ground multiplet.

Before considering horn the model should be ex-
tended or changed it is useful, now that the general
features of the upper states are known, to consider
their origin. There are numerous ways in which
several multiplets might occur, we first list them
and then discuss them as they pertain to the KI:OH
system.

l. Librational modes

These are torsional oscillations in each of the
directed potential wells. The dipole can librate
about its equilibrium orientation in two different
ways which may or may not be degenerate. This
requires two additional states per dipole well.

2. Centers-mass vibrational modes

These represent an oscillation of the c.m. of the
OH ion and might occur in two different mays. If
the off-center potential mells for the OH" ion are deep,
aradial center-of-mass (c.m. ) oscillation may occur
in eachmell. Onthe other hand is the potential at the
center of the I"cavity is lom enough that the excited
states occur above the barrier, then the c.m.
oscillation might be across the entire I cavity.

3. Combinations of an off-center dipole with the molecular

08 dipole

Here there are many different possibilities de-
pending on how the dipoles couple together. Since
we do not know how these dipoles couple quantum
mechanically, me consider only general cases.

(a} The two dipoles essentially couple in paral-
lel or antiparallel, with one of these combinations
occurring at a higher energy. This clearly would
give tmo multiplets with two dipole moments but
depending on the coupling scheme, the measured
moments may not be the exact sum and difference
of the off-center and molecular dipole moments.

(b) The two dipoles couple at some well-defined
angle that is the same for all off-center orienta-
tions. Two types of tunneling can occur, a rota-
tion of the molecular dipole about an off-center
axis or a rotation of the off-center position. If
one of these tunneling processes is much faster
than the other, the energy levels will be grouped
into multiplets, but these multiplets will be differ-
ent from the usual models considered for paraelec-
tric systems. The effective-dipole moment can
also have a different orientation than either the
off-center or molecular dipole, e.g. , if the off-
center and molecular dipoles couple at an angle of
90' and orient along the (100) axes, then wheri these
dipoles are approximately equal in magnitude, the
effective dipole is approximately along a (110)
crystal direction.

(i} Off-center dipole along (100). Here there
are four equivalent orientations of the molecular
dipole about the off-center axis and one therefore
requires 24 states. If the tunneling rotation of the
molecular dipole is much faster than the tunneling
of the off-center position, then at zero field three
multiplets will occur. The separation of the mul-
tiplets will depend on the molecular-dipole tunnel-
ing parameters and the splittings within a multi-
plet will depend on the off-center tunneling param-
eters.

(ii} Off center along (111). Here there are three
equivalent positions for the molecular dipole and
hence again 24 states are required. %hen the
molecular dipole tunneling is much larger than the
off-center position tunneling, two multiplets will
occur.
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(iii) Off-center along (110). Here there are only
two equivalent positions of the molecular dipole,
but again a total of 24 states. Two multiplets will
form if the molecular dipole tunneling is much
larger than the off-center position tunneling.

(c) A combination of (a) and (b) above, or the
possibility that the angle between the two dipoles
can have several values, would of course lead to
additional multiplets.

For the first two models above, one can make
estimates of the librational- and vvibrational-mode
splittings and hence test whether or not such mod-
els are consistent with the observed splittings of
140 GHz. From such considerations, the torsional-
oscillator model clearly does not appear viable.
A lower estimate for the librational modes is v

& 500 GHz —far too large to explain the observed
results. This is of course, the same difficulty that
was encountered earlier in connection with the
hindered-rotor model. Unless there is a huge
mass enhancement by the phonon dressing of the
dipole, which we feel is unlikely, this model can
be ruled out.

For the vibrational c.m. motion, in a deep-side
potential well, a similar result is obtained. Using

0

a square well of dimension 1 A, the vibrational
frequency is about 880 GHz, again too high to ex-
plain the observed splitting, and this model is
therefore also eliminated. The c.m. vibration
across the entire I cavity is not so easily elimi-
nated but, now that the intermultiplet splitting is
established, this model is no longer very promis-
ing. As pointed out earlier, the first excited state
in a square well of dimension 2 A is about 220
GHz-clearly the correct order of magnitude but a
little too high to explain the observations. An

estimate using a double square well with a low
central barrier gave a still higher frequency for
the vibrational state. Since the assumption of a
2-A width is probably a1ready an overestimate, it
appears unlikely that the vibrational-mode fre-
quency can be reduced to 140 GHz for this system.
Yet another argument against this model is the
magnitude of the dipole moment for the upper
states. If the vibrational mode is across the en-
tire I" cavity then the dipole moment should arise
from the intrinsic molecular moment and a mo-
ment of about 0.9 eA (i.e., comparable to the di-
pole moment observed in most other alkali hal-
ides) would be expected. The much larger experi-
mental value, P' =—2.15 e A would be difficult to
explain within this model. Thus, on the basis of
such arguments we also eliminate the c.m. vibra-
tion model from further consideration.

On the other hand, the coupled-dipole models
appear quite promising, since, if OH goes off
center in KI two dipole moments, the off-center

moment and the intrinsic molecular moment, must
be present. In the case of parallel and antipar-
allel coupling, two multiplets with the same dipole
orientation would result, and should be well des-
cribed by the two-multiplet model we have used.
If we interpret our data in terms of such a model .
then the larger dipole moment (upper multiplet)
represents the two dipoles in parallel and the
smaller dipole moment, the dipoles antiparallel
to each other. However, we cannot separate the
components since we do not know whether the off-
center position, and hence the off-center dipole
moment, is the same in each case.

The other coupled-dipole models are slightly
more complicated and have several additional
features —there may be more than two multiplets-
each multiplet will not have the form —the level
splittings of a given multiplet in the presence of an
electric field may depend on both dipole moments,

, and new types of tunneling parameters will be nec-
essary. We point out that the observed slopes can
be accounted for using (100) -oriented off-cen-
ter impurities whose molecular-dipole moments
are oriented at 90' to the off-center directions.

The coupled-dipole models can explain in a very
natural way the presence of additional multiplets
of energy levels and of two distinct dipole mo-
ments. This, together with the difficulty of ex-
plaining the small intermultiplet splitting using
the librational or vibrational models leads us to
interpret our data as evidence for a couPled di-
Pole mode/. To our knowledge this is the first
paraelectric system to exhibit such behavior.
Whether the models in which the dipoles couple at
some angle can provide a better explanation of the
data than the two-multiplet parallel-antiparallel
model requires considerable additional analysis.
Before proceeding with further calculations, how-
ever, it is useful to have some additonal informa-
tion about this system. Phonon spectroscopy
measurements of the KI:OH system are now un-
derway, "and further analysis of the PER data
will therefore be postponed until the phonon ex-
periments are completed.

VII. SUMMARY AND CONCLUSIONS

The interesting features of the low-frequency
microwave absorption for the KI:OH paraelectric
center prompted a thorough experimental investi-
gation of this system over the 12—150 GHz range.
Our new data confirm the existence of an addition-
al multiplet about 140 GHz above the ground state
and show that two different dipole moments are
associated with this center.

We analyzed our data in terms of a two-multi-
plet model and found that only two (110) multiplets,
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with dipole moments 1.25 and 2.15 e A in the lower
and upper multiplets, respectively, can explain
our results. The general agreement between data
and this model is quite good —the positions of the
backward lines, the slopes of the lines and the
positions of the main ZFS can be explained for all
but two lines in the EII(100) data. The dominant
tunneling parameters for this model are the near-
est-neighbor (60' rotation) parameters —both for
the individual multiplets and for the intermultiplet
matr ix elements.

We have considered a number of models which
might yield such features and concluded that the
only viable models are those in which the coupling
of the off-center dipole moment and the molecular-
dipole moment is considered. In terms of such
models, the two-multiplet model represents the
dipoles coupled parallel or antiparallel to one
another along a(110) crystal direction. The states
with the dipoles coupled in parallel would form the
upper multiplet. However, the difficulty in ex-
plaining the two additional strong lines in the
EII(100) data points out that the model is not com-
plete and that the models in which the dipoles cou-
ple at an angle must be considered. Further an-
alysis, however, will wait until phonon experi-.
ments, now underway, are completed.

At low electric fields we have examined the
line shape of the swept-frequency data. The sym-
metry of the absorption line at low electric fields
(where we had expected nonsymmetric lines)
clearly indicates that a distribution of internal el-
ectric fields is not the primary broadening mech-
anism. Further, from simple calculations for a
four-fold multiplet it appears unlikely that the
stress interaction alone can account for the sym-
metric shape either and further investigations of
the broadening mechanisms are needed.
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APPENDIX A: MATRIX ELEMENTS FOR THE (110)
SYSTEMS

The symmetric matrix for the crystal-field
Hamiltonian , in terms of the tunneling elements
defined in Eq. (4.2), is

Oo p. p, vqqvvgqv
Op. p. gvvqqvvq

00 vqqvqvvq
0 qvvgvqqv

Oep, p. r~ vq v

0 p g v q v q (Al )

0 o g vq v

Ovqvq

0 o' p. p.

Oo

The diagonal elements in the presence of an elec-
tric field E = (E„,E„E,) are given by

TABLE II.

(100) Dipoles (110)Dipole s (ill) Dipoles

E I I &100&

A:slope h/2p via p
B:slope h/p via g

E I I (110)
A:slope h/M2p via q, p,

B:slope v 2h/p via g

A:slope v 3h/2p via g, p

A:slope h/v2p via p,, v, o
B:slope v 2 h/p via q, v

h/W2p via 0'

2h/3p via v

h/p via g, p, , v, a
2h/p via g, v

A:slope
Bzlope
C:slope
D:slope

A:slope v 6h/4p via &, 0
B:slope W6h/2p via g, p, v

A:slope v 3h/2p via g, p, &

A:slope v 6 h /4p via p, v

B:slope M6h/2p via g, p

A:slope h/2p via v

B:slope 3h/2p via g, v

C:slope 3h/4p via p
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&ll3:..i» =-P(E. E, )/~~,

&2I 2C..I2& =P(E. +E,)/~~,

&2I3:..I» =-P(E.-E, )H~,

&4I2e .I4& =PS.-E, )/~&,

&5I3'd.i5& =P(E.+E.)H&,

«I 3'"I8& =-P(E.+E.)/~~,

&713:..I» =- P(E.- E.)/~2,

(8I 2ed. I8& =p(E„—E, )/M2

&813:.I8& =P (E, +E.)/~&,

(10I &„I10& = P(E, +-E, )/v 2,
(11l&dcl11& =-p(Ep-E. )/v2

(12I 3'.~,I 12& =P (E, E)IM2-

(A2)

APPENDIX 8

A summary of expected slopes (of resonant elec-
tric field plotted against frequency) is given in

Table II for the single-multiplet tunneling models.
The resonance notation is illustrated in Fig. 21.
The tunneling parameters which make each transi-
tion nonzero in first order are indicated.

APPENDIX C

Figure 22 shows the approximate energy levels
which one expects the (110&-(110&two-multiplet
model to have in the large electric-field approxi-
mation, ignoring the tunneling splitting which is
normally present in each level. For convenience
all the energy levels are drawn crossing, Oven

though transitions are indicated between them. The
various types of energetically distinct backboard
lines are indicated and it should be noted that not
all the indicated lines will be backward, for ex-
ample, in the EII(100& diagram either D or E will

DIPOLE ORIENTATION
&IOO& & I IO& &I I I&

TABLE III. Backward line slopes for a (110)—(110)
model. The tunneling parameters making each transition'
allowed to first order are indicated ("directly" indicates
a transition from the ground to excited state in the same
off-center orientation).

EII (100)

Err&IIO&

~pE/v'2

)8

NA
"pE/v'2

E//&II I&

pE4'3

~A
-pE/9

~ E

Ea&IOO& 8 p

i pE/u'2/i
P

-pE/V2

pE

pE/2

pI' P

A ~tC
8 pE/2

-pE

2PE/v'6

~,8 0

. ~pE/v'5

u
-pE/M

pE/v'6/
"—0

Q,A

i-2pE/46

ppE/3

8
Q,p ~-pE/3

A:slope -~2h/p&
B:slope -~2h/(p' +p)
C:slope ~2h/p
D:slope -~2h/(p p)
E:slope v 2h/(p p )

EII (110)
A:slope —2 h/(P - 2p')
B:slope —h/p'
C:slope —2 h/p'
D:slope -2h/(2p' +p)
E:slope —2 h/(p+p')
E:slope —2 h/p
C:slope —h/(p' +p)
H:slope —h/p
J':slope —2 h/2p-p')
X:slope —2 h/(P' + 2p)
L:slope —h/(p'-p)
M:slope-2h/(p -p' )
¹slope—h/(p -p')
P:slope —2 Pc/(p'-p)

via 'g", v'
via p, v~, o"
via g",v"
via g",p', and directly
via p, p ", and directly

via q
via p"
V1R Q

V1R V

VlR g, P, s V, o' '

V1R 7j, V

via o"
via p
V1R Q

via v

directly
via p~, p, v", Rnd directly
directly
via g,p, v", and directly

-pE

FIG, 21. Expected high-field energy-level behavior
for the three single-multiplet tunneling models. The
splittings of each energy level, caused by tunneling, are
ignored,

A:slope -~6h/2p'
B:slope -v 6h/2(p +p')
C:slope -MSh/2p
D:slope-v 6h/2(p' -p)
&elope-V Sh/2(P -p')

via 7/, p, v

via v, a
VlR 'g P, V

via p" or directly
via q" or directly
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E//(IOO)

~p'EA/2
I

-p E/v'2

-pE/@'2

-pE
-pE/2

E//(IIO)
-pE

(pE

~pE/2

/' N~pE

p

2p'E/V6

'ii4 N 0

-EpEld6

-2pE/4

E//&I II)

FIG. 22. Energy levels
for the (110)-(110)two-
multiplet model in the high-
electric-fieM approxima-
tion. Splittings at crossings
of energy levels have been
omitted. The various types of
backward lines are indi-
cated.

FIELD

be backward, but not both, depending upon whether
p or p' is the greater. Inaddition ithas been assumed
that P andj ' are of the same order of magnitude, if
P»P' or vice versa there will exist backward

lines for E~~ (110) other than those listed. Table
III lists the high-field slope of each transition in-
dicated in Fig. 15, and the matrix elements mak-
ing these transitions allowed to first order.

*Present address: Millimeter Diode Lab, Dept. of Elec-
trical Engineering, University College, Cork, Ireland.
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